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SUMMARY 

The method introduced recently for the characterization and prediction of 
absolute and relative retention in reversed-phase liquid chromatography under iso- 
cratic conditions has been applied to gradient-elution chromatography. The method 
is based on two indices (one lipophilic, rice, and the other polar, qi, to characterize 
the behaviour of each solute in methanol-water mobile phases of various composi- 
tions. The indices nce and qi of phenylurea and triazine herbicides were found to be 
composed of additive contributions of structural elements (functional groups) in the 
molecules of the solutes. Using the present approach, it is possible to predict retention 
volumes in gradient-elution chromatography with a precision comparable to those 
under isocratic conditions (i.e., less than 10% relative for most compounds tested). 

Simultaneous adjustment of the initial mobile phase composition and the slope 
of the linear gradient makes it possible to control to a certain extent the selectivity 
in gradient-elution chromatography using binary solvent gradients and offers an al- 
ternative approach to the use of multi-solvent gradients for selectivity control. This 
method may be especially useful in optimizing gradient-elution separations of pairs 
of compounds with positive differences in both indices n,, and qi, Ante > 0 and Aq 
> 0. Selection of the optimal gradient profile is illustrated on a practical example of 
gradient-elution chromatography of phenylurea herbicides. 

INTRODUCTION 

Prediction of retention in liquid chromatography by calculation is potentially 
useful both for the optimization of separations and for the identification of separated 
compounds. Theoretical models for reversed-phase liquid chromatography based on 
solvophobic theoryI** or on molecular statistical theory3 make use of a number of 
physico-chemical parameters, which often are not available. Consequently, these 
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models are not suitable for direct predictions of retention. Some methods try to 
predict retention in reversed-phase systems from correlations of retention data with 
various structural parameters, such as with hydrophobic substituent constants, mo- 
lecular connectivity indices, Hammett’s constants, the shape or volume of the solute 
molecules or with a combination of these parameters4-*. These approaches are limited 
by the availability of the structural parameters and require a knowledge of correlation 
constants for each mobile phase composition. The prediction of retention based on 
a scale of retention indices similar to Kovats retention indices, based on alkyl aryl 
ketonesgs10 or on 2-alkanones1i~i2 as the calibration standards may be applied only 
within a limited composition range of mobile phases. This approach, like the pre- 
diction of retention based on interaction indices13*i4, cannot take full account of 
specific solute-solvent interactions and makes it difficult to predict selectivity changes 
with changing mobile phase composition. 

To overcome this inconvenience, a method has been introduced recently that 
makes use of a suitable homologous series (such as n-alkylbenzenes) to calibrate the 
retention scale and of two indices to characterize the retention of each solute over a 
wide range of mobile phase compositionls. One index, n,,, accounts for the hydro- 
phobicity of a solute and the other, qi, for the polarity of its functional group(s) 
interacting with mobile phase components 16, It has been shown in preceding parts 
of this series’ 6,1 7 that this method predicts correctly the selectivity changes induced 
by changes in the mobile phase composition and may be used to predict relative and 
absolute retentions under isocratic conditions in binary and ternary mobile phases 
with a relative error of less than lo-20 / Ool'. It was further found that the lipophilic 
and polar indices used in this approach may be calculated from the additive contri- 
butions of structural elements, i.e., substituents in simple aromatic compounds, such 
as methylbenzenes, chlorobenzenes and chloroanilines’ 6. 

It was the purpose of this work to investigate the possibilities of the charac- 
terization of selectivity, the prediction of retention and the optimisation of separation 
conditions (gradient profile) in gradient-elution reversed-phase chromatography, us- 
ing the method based on the lipophilic and polar indices. To verify the validity of 
additive rules for the contributions to the lipophilic and polar indices, phenylurea 
and triazine herbicides were selected as test compounds as these have more complex 
structures than the compounds studied previously. 

Various high-performance liquid chromatographic (HPLC) techniques have 
been applied previously for separations of these herbicide compounds in mixtures 
and for determining individual herbicides in industrial products or in environmental 
samples. Phenylurea herbicides were chromatographed on columns packed with un- 
modified silica gel1 8-2 l, withchemically bondedalkylsilicamaterials19~20~22-33, bonded 
nitrilc23,3* and amino21 stationary phases or with organic gels34. Reversed-phase 
chromatography2 8,3 5p39, chromatography on unmodified silica ge140,41 and on med- 
ium-polarity chemically bonded phases3g,42*43 yielded successful separations of tri- 
azine herbicides. 

THEORETICAL 

In the recently derived’ 5 description of retention in reversed-phase chromato- 
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graphy over a wide range of mobile phase compositions, a set of appropriate homo- 
logues, such as n-alkylbenzenes, is used to calibrate the retention scale: 

log k’ = (ao + a+,,)(1 - px) - q$Z (I) 

where k’ is the capacity factor and x is the volume concentration of the organic 
solvent in aqueous-organic mobile phases. The retention of each compound in this 
scale is characterized by two indices, nce and qi. The calibration constants ao, u1 and 
p apply for a given column and various compositions of binary mobile phases con- 
taining water and a given organic solvent, such as methanol or acetonitrile, and are 
determined from the retention<omposition equations for calibration homologues, 
provided that log k’ varies linearly with .X~~: 

log k’ = a - mx 

In a homologous series, the constants a and m in eqn. 2 increase linearly with in- 
creasing number of carbon atoms, n,, in the alkyl chains of the individual homo- 
logues: 

a = uo + al& Pa) 

m = m. + mtnc WI 

m=q+pa (3c) 

The indices race and qi of an arbitrary compound are equivalent to constants n, and 
q that apply to the calibration homologous series. The lipophilic index ace charac- 
terizes the hydrophobicity of the compound and the polarity index qi the polarity of 
functional group(s) in the solute interacting with mobile phase components. 

If the linear log k’ versus x equation (eqn. 2) is not suitable for describing 
retention in a given chromatographic system, a quadratic equation may be used as 
the basis of retention characterization’ 5. 

It has been shown that the indices nce and qi increase or decrease regularly 
with the number of chlorine atoms and methyl groups in mono- to hexa(or penta) 
methylbenzenes, chlorobenzenes, chloroanilines and chlorophenolsl”. This means 
that, at least for some compound classes, the indices nce and qi may be calculated 
from additive contributions of the individual substituents i, dnci, dqi: 

qi = qi(o) + CAqi 

W 

where ~~(0) and qico) are the values of nce and qi for the basic structural element in 
a given compound class. A lipophilic and a polar contribution to the relative retention 
of a pair of compounds, i and j, may be distinguished from each other on the basis 
of the differences in the indices for compounds i and j1 ‘: 
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An, = nce,j - nce,i W 

Aq = qi,j - 4i.i (5b) 

The theory developed for chromatography under isocratic conditions may be ex- 
tended to gradient-elution reversed-phase chromatography in a straightforward man- 
ner. If linear concentration gradients of the organic solvent in aqueous-organic mo- 
bile phases are used, net retention volumes, Vg,, of solutes eluted before the end of 
the gradient may be calculated from the following equation, provided that the delay 
of the gradient between the mixing port and the top of the column can be neglect- 
ed45-47. 

Vg = f * log[2.31mBVM + 10’” - mA) -t l] (6) 

where V, is the column dead volume, A is the initial concentration of the organic 
solvent in the mobile phase at the start of the gradient and B is the slope of the 
concentration gradient described by the following gradient function: 

x=A+Bv (7) 

where V is the volume of eluate from the start of the gradient elution. 
Band widths, wg, of compounds eluted using linear concentration gradients in 

reversed-phase chromatography may be calculated using the following equation45*47: 

wg = 2 . (1 + [2.31mBVM + 10P(” - ,‘)]-l} 
Jn 

(8) 

where y1 is the plate number of the column used. 
After introducing eqns. 9a and b, analogous to eqns. 3a,c: 

a = a0 + alnce Pa) 

m = qi + da0 + aln,,) CW 
into eqn. 6, the following relationship for net retention volumes in gradient-elution 
chromatography as a function of n,, and qi is obtained: 

vg = 1 

B[qi + p(ao + aln,,>l 
. log {2.31BVM[qi + p(ao + 

+ aln,,)] . lO[% + O~“cc)(i ~ 4)) - Aqil + l} (10) 

Eqn. 8 may be adapted in an analogous manner to describe the dependence of band 
widths in gradient-elution chromatography on the indices nce and qi. 

In contrast to isocratic-elution liquid chromatography, the ratio of net reten- 
tion volumes in gradient-elution chromatography is not a good measure of separation 
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selectivity, because it depends on the profile of the gradient. Instead, the difference 
in retention volumes of the pair of compounds i and j, AV, = V”,j - vlg,i , is better 
suiteddto characterization of the separation, as the band widths of different com- 
pounds eluted in a single gradient run are approximately constant if the gradient 
profile is chosen appropriately 47,4B. Eqn. 10 may be easily adapted to describe the 
difference in retention volumes as a function of the indices nce and qi of the solutes 
i and j, but it can be shown that A V, depends not only on An, and Aq, but also on 
the absolute values ~l,,,~ and qi,i. The form of the equation for AV, does not allow 
the influence of various factors on A V, to be analysed in a straightforward manner. 
Therefore, these effects are illustrated by model examples in Fig. 1, where calculated 
A Vg values are plotted against An, for various hypothetical combinations of Aq, qi,i 

and nce,i for a typical column and linear gradient beginning at zero concentration of 
the organic solvent in water, A. A V, increases with increasing An, or with decreasing 
Aq at constant ~t,,,~ and 4i.i. The latter indices influence both the difference AF/, and 
the rate of its increase, which diminishes significantly with increasing nce,i and in- 
creases slightly with increasing qi,i. The differences A V, are higher at lower nce,i and 
at higher qi,i, provided that An, and Aq are constant, which means that greater struc- 
tural differences between two more strongly retained compounds than between two 
compounds with lower retention are required in order to achieve an equal difference 
in retention volumes under identical gradient-elution conditions. 

In the chromatography of such pairs of compounds for which both the An, 
and Aq differences are positive, i.e., if one of these compounds has a bulkier hydro- 
carbon part and a more polar functional group (or groups) than the other compound 
(curves 3, 6, 7 and S), the order of elution may change depending on the An_ Aq, 
nce,i and qi,i values. As Fig. 1 shows, a decrease in AV, values with increasing An, 
may be expected up to a certain value of An,, where the compounds are co-eluted in 
a single peak. A V, increases from zero when An, further increases, but the order of 
elution is reversed. For such pairs of compounds, a reversal in the elution order may 
also be expected on changing the initial concentration of the organic solvent in the 
mobile phase, A, or on changing the slope of the gradient, B. 

If the additivity rules (eqns. 4a and 4b) apply accurately enough for the set of 
compounds being studied, it should be possible to predict by calculation retention 
volumes, order of elution, differences in retention volumes and resolution in reversed- 
phase gradient-elution chromatography from the structural contributions. 

EXPERIMENTAL 

The equipment used included two Model 6000 A pumps, a Mode1 660 gradient 
controller, an U6K injector and a Model 440 UV detector operated at 254 nm (all 
from Waters Assoc., Milford, MA, U.S.A.), and a TZ 4221 line recorder (Laboratory 
Instrument Works, Prague, Czechoslovakia). A Mode1 R 401 differential refracto- 
meter (Waters Assoc.) was used for measuring column dead volumes, V,. 

Two stainless-steel columns were packed in the laboratory with spherical oc- 
tadecylsilica gel Silasorb SPH C 1s, 7.5 pm (Lachema, Brno, Czechoslovakia) using 
a high-pressure slurry packing technique. Column A: 300 mm x 3.6 mm I.D., 
V, = 2.42 cm3 (mean value) for methanol and 2H20 as dead volume markers, 
refractometric detection, &T (total column porosity) = 0.79, plate number n = 4100 
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B 0.5 1.0 I:5 A n, 

Fig. 1. Dependence of the difference in retention volumes in gradient-elution liquid chromatography, A V,, 

on the difference in the lipophilic indices, An,, of an adjacent pair of compounds for various values of the 
indices nce,ir qi,i and dqi. Model curves were constructed for a linear gradient of an organic solvent in 
water (gradient time = 30 min; flow-rate = 1 cm3 min-‘; A = 0; B = D.03333); Dead volume of the 
column, VM = 3.18 cm3. 

Curve 

I 2 3 4 5 6 7 8 

%e.i -1 -1 -1 3 3 3 3 -1 
4i,i 1.5 1.5 1.5 1.5 1.5 1.5 0.2 0.2 
A% 0 -0.5 0.5 0 -0.5 0.5 0.5 0.5 

_ 

at 1 cm3/min in methanol for benzene as the solute. Column B: 300 mm x 4.1 mm 
T.D., V, = 3.18 cm3, Ed = 0.80, n = 4600, conditions as for column A. 

The mobile phases were prepared by mixing water (doubly distilled in glass 
with addition of potassium permanganate) with methanol (spectroscopic grade, 
Lachema) in the required volume ratios for isocratic experiments, where a single M 
6000 A pump and column A were employed. Column B was used in isocratic and 
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gradient-elution experiments for comparison of experimental retention volumes with 
the data calculated from the constants determined using column A. In gradient-elu- 
tion experiments, water was used as component a and methanol as component b, the 
volume ratio of which in the mobile phase was changed with time by the M 660 
controller. 

Table I lists the compounds used as the sample solutes. The mobile phase used 
in isocratic experiments was employed as the sample solvent; 15% v/v methanol in 
water served as the sample solvent in gradient-elution experiments. Sample volumes 
of 5 yl were injected. The capacity factors were calculated as k’ = VR/VM - 1 from 
the arithmetic means of two or three experimental retention volumes, V,, for each 
of the mobile phases tested. 

RESULTS AND DISCUSSION 

Structural dependence of retention of herbicide compounds; additive increments to the 
indices nce and qi 

The retention volumes, Vx, of all the test solutes listed in Table I were measured 
on column A in mobile phases containing 40-80% methanol in water. Some of these 
experimental values are given in Table IV. From the experimental plots of log k’ 
versus concentration of methanol in mobile phase, x, the parameters a and m in eqn. 
2 were determined by linear regression analysis and are listed in Table II. As the 
values of the correlation coefficients show, eqn. 2 is well suited to describe the reten- 
tion of the compounds studied over the mobile phase composition range tested. 

The plots of the parameters a and m of calibration homologous n-alkylben- 
zenes (methylbenzene to n-butylbenzene) ueYSUS n, were used for determining the 
constants ao, al, mo, ml, q and p in eqns. 3a-c. Using these values for calibration of 
the retention scale, the indices nce and qi and the relative indices with respect to 
toluene as the standard were calculated for each solute tested using eqns. 9a and b 
and 5a and b and are listed in Table II. 

Retention of phenylurea herbicides and related compounds generally increases 
with increasing number and size of alkyl substituents and of halogen atoms (a bro- 
mine substituent contributes more than a chlorine atom to retention), but it decreases 
significantly if a hydroxy substituent is present on the phenyl ring. A methoxy sub- 
stituent on the phenyl ring decreases the retention slightly, in contrast to a methoxy 
substituent on the urea nitrogen, which increases the retention more than a methyl 
group. This is probably caused by interactions between the neighbouring oxygen and 
nitrogen atoms, which decrease the solute polarity. 

In the class of phenylurea herbicides, additive structural contributions to the 
indices nce and qi are observed. It was possible to determine additive contributions 
of various substituents, Anti and Aq:, to these indices. These values are given in Table 
ITT, together with the values of n,,(o) and qi(o) for the unsubstituted phenylurea as the 
basic structural element (eqns. 4a and b). Most of the experimental nce and qi values 
agree very well with those calculated from eqns. 4a and b (Table TIT). The additive 
contributions to n,, for substituents on the phenyl group of substituted phenylureas 
agree with the contributions in simple substituted benzenes determined earlier on 
octadecylsilica columns1 ‘j, e.g., Anti = 0.94 for a methyl, 1.11 for a chloro and - 1.29 
for a phenolic hydroxy substituent. Alkyl, halogen and methoxy substituents on the 
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TABLE III 

ADDITIVE CONTRIBUTIONS, dn,i AND dqi, OF SUBSTITUENTS TO n,, AND q; VALUES FOR 
PHENYLUREA AND TRIAZINE HERBICIDES 

nfeiOl and qi(01 are the values of nae and qi indices for unsubstituted structural basis, i.e., phenylurea and 
4,6-diamino-1,3,5-triazine. Numbers of compounds and substituents X, X1, X2, R1 and R, as in Table I. 
Exp. = experimental values; talc. = values calculated using additive rules (eqns. 4a and b), 

(A) Phenylurea herbicides 

nce(ol = - 1.40; qi,o, = 1.60 

Contributions: A&i 
(1) For substituents R1, R,: 

CHa 0.25 
OCHX 0.96 
C& 2.38 

(2) For substituents X1, X2: 

CH3 1.05 
isoC3H7 2.68 
OCHS -0.05 

OH -1.10 
Cl 1.33 
Br 1.50 
CF, 2.39 

Aqi 

0.04 
0.04 
0.06 

0 
0 
0.24 

0.97 
-0.08 
-0.1 

0.06 

(B) Triezine herbicides 

Rqor = -3.53; q;(o) = 1.45 

Contributions: A&i 
(I) For substituents X: 

Cl 1.33 
SCH3 2.15 

(2) For substituents RI, R2: 

CH3 0.25 
GHS 1.25 
iso-CsH7 2.13 

tert.-C,H, 3.22 
CH@(CH,), 1.69 

Aq; 

-0.08 
-0.14 

0.04 
0.06 
0.06 

0.06 
0.13 

Compound be nee qi qi Compound G, nre qi qi 
No. talc. exp colt. exp. No. talc. exp. talc. exp 

6 -0.92 -0.92 2.53 2.54 28 0.30 0.30 1.49 1.50 
I -1.15 -1.15 1.64 1.64 29 1.18 1.18 1.49 1.48 

8 0.13 0.00 1.80 1.84 30 2.27 2.21 1.49 1.47 
9 0.98 0.99 1.52 1.53 31 2.44 2.28 1.50 1.56 

10 1.51 1.50 1.48 1.49 32 1.00 1.26 1.41 1.44 
11 2.22 2.21 1.48 1.50 33 2.88 2.88 1.43 I .42 

12 2.39 2.46 1.46 1.50 34 3.09 3.09 1.43 1.43 

13 3.64 3.63 1.50 1.51 

14 -1.40 - 1.40 1.60 1.60 

15 1.24 1.24 1.70 1.70 
16 1.23 1.23 1.56 1.58 
17 0.89 0.96 1.56 1.60 
18 -1.20 - 1.08 1.88 1.85 
19 1 .Oh 1.13 1.54 1.52 

20 1.53 1.53 1.64 1.60 
-~ 

phenyl have no or only a slight influence on the qi indices of substituted phenylureas, 
as with simple substituted benzenes, but the phenolic group increases q1 more for 
substituted phenylureas than for substituted benzenes. The qi indices of all the phen- 
ylurea herbicides studied, with the exception of hydroxymetoxuron, which possesses 
a phenolic group, are close to one another and to the values determined earlier for 
linuron and chlorobromuron on a Silasorb C8 column’6. 

The retention of triazine herbicides increases with increasing number and 
length of alkyl substituents. Alkoxy substituents contribute to the retention less than 
alkyl substituents of comparable length. A methylthio group on the triazine ring 
increases the retention more than a chlorine atom. 
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Additive contributions of the individual substituents to the nce and qi indices 
of triazine herbicides are given in Table III. Here, only the values of ncecO), qiCoj, dnci 
and dqj for methylthio and dnci for isopropyl and teut.-butyl groups were determined 
from the experimental data. Other additive contributions were taken from previous 
experiments with other compounds: the contributions dnci and dqi for a chloro sub- 
stituent on the triazine ring were set equal to those for a chloro substituent on the 
phenyl group of phenylurea herbicides and dnci and dqi for methyl substituents on 
amine nitrogen were set equal to those for a methyl group on phenylurea nitrogen; 
dnci = 1 was set for the contribution of a methylene group and dnci = 1.69 for a 
CH,0(CH2)3-substituent was calculated using the values 0.62 for methyl and meth- 
ylene groups, - 0.32 for the ether oxygen’ 6 and 0.25 * 0.62 = 0.15 for the methylene 
group bond to the nitrogen. dqi for alkyl groups with more than one carbon atom 
were set to 0.06 (i.e., the value for n-butyl on the nitrogen of phenylurea herbicides) 
and dqi for a CH30(CH&substituent was increased to 0.13 for the contribution 
of the ether oxygen, which is 0.0716. 

An increase in retention with increasing number and size of alkyl and halogen 
substituents in carbamate pesticides is observed, but no additive rules can be derived 
because of the structural diversity of the individual compounds studied. 

As only a few dnci and dqj contributions are known from previous studies16, 
it was necessary to determine eleven values of contributions for phenylurea herbicides 
(fifteen compounds) and three dnci and one dqi contributions for triazine herbicides, 
using the experimental data. All the nce and qi indices calculated from the additive 
contributions agree well with the values determined directly from the experimental 
data and only two calculated nce values for phenylureas and two n,, values for tri- 
azines differ from the experimental values by slightly more than 0.1 and the differ- 
ences for all the calculated qi indices from the experimental qi values are less than 
0.06. These results show that additive rules (eqns. 4a and b) can be used to predict 
the indices nce and qi. Of course, only a limited number of compounds were tested, 
and it is possible that the additive rules may fail for some other compounds. 

Prediction qf retention in isocratic and gradient-elution chromatography 
To test the practical usefulness of the nce and qi indices for the prediction of 

retention in isocratic reversed-phase chromatography of phenylurea and triazine her- 
bicides and related compounds, experimental retention volumes at four different com- 
positions of methanol-water mobile phase were compared with VR values calculated 
with the aid of eqn. 1 using the n,, and qi indices calculated by application of additive 
rules from eqns. 4a and b (Table III). The results are shown in Table IVA. About 
75% of the calculated V, values differ from the experimental values by less than 5% 
relative and 91% of the values differ by less than 10% relative. 

In another set of experiments, some phenylurea herbicides were chromato- 
graphed on column B with a larger diameter and the experimental retention volumes 
under isocratic conditions were compared with Vs calculated from eqn. 1 using the 
indices nce and qi and the constants ao, a1 and p determined earlier on column A. 
The differences between the calculated and measured retention volumes were less 
than 5% relative for approximately 80% of the values (Table IVB). An example of 
the isocratic separation of phenylurea herbicides is shown in Fig. 2. 

It was the main purpose of this work to test possibilities for the prediction of 
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, 
0 10 20 30 V(mll 

Fig. 2. Isocratic separation of phenylurea herbicides on a Silasorb SPH Cl8 (7.5 pm) column (300 x 0.41 
mm I.D.), V, = 3.18 cm3, using elution with 60% (v/v) methanol in water at 0.95 cm3 min-‘. Detection: 
UV, 254 nm, 0.1 a.u.f.s. Compounds separated: 1 = hydroxymetoxuron; 2 = fenuron; 3 = metoxuron; 
4 = impurity; 5 = diuron; 6 = linuron; 7 = chlorbromuron; 8 = neburon. 

retention in gradient-elution chromatography. Eleven phenylurea herbicides were 
chromatographed on column B using several linear gradients with different profiles 
(initial concentration of methanol in mobile phase, A, and slope, B, i.e., the rate of 
change of methanol concentration with the volume of eluate). Figs. 3-5 show the 
chromatograms obtained in the experiments with three different gradient profiles. 
The gradient-elution instrument used caused a gradient delay volume of 2.25 ml as 
determined in an independent experiment with the U 6K injector connected directly 
to the detector (to avoid possible errors in mobile phase composition, the injector 
was left in the position “Inject” from the start to the end of the gradient run). It was 
assumed that the solutes do not move down the column during the delay period when 
the mobile phase of the initial composition flows through the column, as they are 
very strongly retained under these conditions, Consequently, it is sufficient to add 
the delay volume, vd, to the calculated retention volumes for comparison with ex- 
perimentally measured values4’: V, = vg + VM + Vd. 

Table V shows the experimental VB and two sets of retention volumes calcu- 
lated from eqn. 10: (a) using experimental II,, and qi indices and (b) using nce and qi 
indices calculated from additive contributions (eqns. 4a and b). The constants a~, UI 

and p and the indices determined using column A were used in the calculations 
(Tables II and III). Both sets of calculated retention volumes predict accurately the 
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I 

0 10 20 30 Vtmll 

Fig. 3. Gradient-elution separation of phenylurea herbicides using a linear gradient from IS to 100% 

methanol in 45 min at 0.95 cm3 min- i; A = 0.15; 3 = 0.01997. Other conditions as in Fig. 2. Compounds 
separated: 1 = hydroxymetoxuron; 2 = desfenuron; 3 = fenuron: 4 = metoxuron; 5 = fluometuron; 

6 = chlortoluron; 7 = isoproturon; 8 = diuron; 9 = linuron; 10 = chlorbromuron; 11 = nehuron. 

3 

2 

J. 

J 1 

4 

I 

/I 
I , I 

0 10 20 30 Vtmll 0 IO 20 30 "(ml) 

Fig. 4. Gradient-elution separation of phenylurea herbicides using a linear gradient from 20 to 100% 

methanol in 45 min at 0.97 cm3 min- , 1. A = 0.2; B = 0.01835. Other conditions as in Fig. 2, compounds 

as in Fig. 3. 

Fig. 5. Gradient-elution separation of phenylurea herbicides using a linear gradient from 25 to 100% 
methanol in 45 min at 0.95 cm3 min- 
as in Fig. 3. 

I; A = 0.25; B = 0.01749. Other conditions as in Fig. 2, compounds 
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TABLE V 

EXPERIMENTAL (exp.) AND CALCULATED (talc.) RETENTION VOLUMES, Vg, BAND 

WIDTHS, wg, (BOTH IN cm”) AND RESOLUTION, R,,j, OF PHENYLUREA HERBICIDES IN 

CHROMATOGRAPHY ON SILASORB SPH Cl* (7.5 pm) COLUMN (300 x 4.1 mm I.D., VM = 3.18 
cm3) USING ELUTION WITH VARIOUS LINEAR GRADIENTS OF METHANOL IN WATER 

(I) 2&100% CH,OH in 30 min, 0.98 cm3 min-‘; (II) 2&100% CH30H in 45 min, 0.97 cm3 min-‘; (III) 
1. lS-100% CHsOH in 45 min, 0.95 cm3 min- , ( IV) 25-100% CH,OH in 45 min, 0.95 cm3 min-I. A and 

B are the constants of gradient function (eqn. 7). Eqns. 10 and 8 were used for calculations. n,, and yi 
indices: (a) calculated using experimental a and m constants (eqns. 9a and b), (b) calculated using additive 

rules (eqns. 4a and b). The delay volume of the equipment Vd = 2.25 cm3 was added to the calculated 

values. wg (exp) = 0.5 cm3. 
~. 

Gradient Corn- Vg w B 
pound talc 
No. Exp. Calc. Calc. 

la) Pi 

;: = 0.2; B = 

0.01835) 

;A = 0.2; B = 
6 

14 
0.02718) 7 

8 

15 
16 
20 
10 
11 
12 
13 

6 
14 
7 

8 
15 

16 
20 

10 
11 
12 

13 
6 

14 
I 
8 

15 
16 
20 

10 
11 
12 

13 
6 

14 
7 

8 
15 
16 
20 
10 
11 

12 
13 

III 
(A = 0.15; B = 
0.01997) 

;: = 0.25; B = 
0.01749) 

13.1 11.7 11.7 

13.7 12.5 12.5 
14.5 13.4 13.3 
18.2 17.0 17.6 
22.2 21.4 21.4 
22.7 21.9 22.1 
23.3 22.7 22.4 
23.7 23.1 23.2 
25.0 24.8 24.9 
25.5 25.3 25.3 
27.4 21.2 27.3 
14.2 12.9 12.9 
14.7 13.6 13.6 
16.0 14.8 14.8 
21.2 20.2 21.0 
27.1 26.8 26.8 
21.7 27.6 27.7 
28.8 28.7 28.4 
29.3 29.3 29.5 
31.4 31.9 32.1 
32.2 32.1 32.8 
35.3 35.9 36.0 
15.8 14.6 14.6 
16.2 15.0 15.0 
17.4 16.3 16.3 
22.1 21.7 22.6 
27.5 28.0 28.0 
28.1 28.7 28.8 
29.1 29.7 29.5 
29.6 30.3 30.4 
31.4 32.7 32.8 
32.1 33.4 33.5 
35.0 36.3 36.4 
11.7 11.2 11.3 
12.7 12.2 12.2 
13.6 13.2 13.2 
18.9 18.1 19.0 
24.9 24.9 24.9 
25.6 25.6 25.8 
26.6 26.8 26.5 
27.3 27.4 27.6 
29.4 30.1 30.3 
30.1 31.0 31.0 
33.4 34.3 34.4 

0.39 

0.45 
0.45 
0.45 
0.43 
0.44 
0.43 

0.43 
0.42 
0.41 

0.38 
0.46 

0.52 
0.54 
0.55 

0.54 
0.55 
0.54 

0.55 
0.52 

0.51 
0.48 
0.47 
0.54 
0.55 
0.54 

0.51 
0.52 
0.51 

0.52 
0.50 

0.49 
0.45 
0.43 

0.49 
0.51 

0.55 
0.55 
0.56 
0.55 
0.56 

0.54 
0.53 
0.49 

&,j 

Exp. Calc. Calc. 

(al cb) 

1.2 1.7 1.7 
1.5 1.8 1.9 
7.5 8.0 9.5 
8.1 10.2 8.8 
1.0 I.1 1.6 
1.2 1.9 0.7 
0.9 0.9 1.8 
2.6 4.0 4.0 
1.0 1.2 1.0 
3.7 5.0 5.2 

1.0 1.3 1.3 
2.6 2.2 2.2 

10.4 9.8 11.3 
11.8 12.2 10.7 

1.2 1.4 1.6 
2.2 2.0 1.4 
1.0 1.1 2.0 
4.2 5.0 5.0 
1.6 I.6 I.4 
6.2 6.6 6.6 

0.8 0.7 0.7 
2.4 2.4 2.4 
9.4 10.0 11.6 

10.8 12.4 10.6 
1.2 1.3 1.5 

2.0 2.0 1.4 
1.0 1,l 1.7 

3.6 4.8 4.8 

1.4 1.4 1.4 

5.8 6.4 6.4 

2.0 1.9 1.8 
1.8 2.0 1.9 

10.6 8.9 10.5 
12.0 12.3 10.7 

1.4 1.4 1.6 
2.0 2.2 1.3 
1.4 1.2 1.9 
4.2 5.0 5.0 
1.4 1.7 1.3 
6.6 6.7 6.9 
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order of elution and, with only one exception, the differences between the calculated 
and experimental Yg values are less than 10% relative. Band widths wg calculated 
from eqns. 8, 9a and 9b, experimental and calculated values of the resolution, R,j, 
are also included in Table V (approximately constant experimental band widths of 
0.5 cm3 were considered in the experimental resolution): 

Ri,j = 
G,j - vg,i 

fi’c3,j 
(11) 

The experimental and calculated resolution values are in acceptable agreement if the 
nce and qi indices calculated from eqns. 9a and b and experimental a and m constants 
are used for calculation. Some Ri,j values calculated using the indices nce and qi 
determined by application of additive rules (eqns. 4a and b) may deviate significantly 
from the experimental values, such as the resolution for the pairs chlortoluron-iso- 
proturon, isoproturon-diuron, fenuron-metoxuron and metoxuron-fluometuron. 

It can be concluded that the calculations based on the indices nce and qi de- 
termined from the additive contributions of structural elements allow one to predict 
accurately the order of elution and to calculate the retention volumes in gradient- 
elution HPLC with an acceptable error; however, the calculated resolution of adja- 
cent peaks with small differences in V, has too low a precision for calculations of 
most suitable gradient profiles for a given separation. 

Selection of the gradient projile by adjusting the selectivity of separation using the slope 
of the gradient and the initial composition of the mobile phase 

As shown in the Theoretical section, the selectivity of separation in gradient- 
elution chromatography may be characterized using the differences in retention vol- 
umes, A V,, rather than using the ratios of retention volumes. A Vg depends on the 
Ancr Aq, nce,i and qi,i indices of the solutes and also on the gradient profile, which is 
defined by the initial composition of the mobile phase and the slope of the linear 
gradient. 

Tt is possible to control the isocratic selectivity of separation of a given pair of 
compounds with different slopes of log k’ versus x plots to a certain extent by ad- 
justing the concentration of the organic solvent in a binary aqueous-organic mobile 
phase, x . l7 A disadvantage of this approach is substantial change in absolute reten- 
tion when x changes in binary mobile phases. This can be avoided in gradient-elution 
chromatography by adjusting simultaneously the initial mobile phase composition 
(A) and the slope of the linear gradient (B), which may result in a change in separation 
selectivity for certain pairs of solutes with only minor changes in absolute retention 
if the time of the gradient is constant. Although ternary or more complex multi- 
solvent gradients are more generally applicable for controlling the selectivity of sep- 
aration48-51, simultaneous adjustment of A and B may be very useful for selectivity 
tuning of certain “tailor-made” gradient elution separations, as it requires only a 
binary solvent gradient. 

If the optimal gradient profile is desired at a constant gradient time, tG (or at 
a constant gradient volume, Vo = tGFm, where F,,, is the flow-rate of the mobile 
phase), a change in one of the parameters A or B necessitates a simultaneous ad- 
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justment of the other parameter, as can be seen from re-arranged eqn. 7: 

XG - A B=------ 
VG 

SPACEK 

(12) 

where xG is the concentration of the organic solvent, X, in the mobile phase at the 
end of the gradient elution, where the volume of eluate is equal to V,. 

This approach to optimization of a binary gradient profile is illustrated by the 
example of the reversed-phase gradient-elution separation of eleven phenylurea her- 
bicides. Using nce and qi indices determined experimentally on column A, gradient- 
elution volumes and resolution, Ri,j, on column B were predicted by calculation from 
eqns. 8-l 1 for various combinations of the gradient parameters A and B, related to 
one another by eqn. 12. VG was pre-set to 45 ml, which corresponds to the 45 min 
gradient at Fm = 1 cm3 min-‘. The resolution map for the pairs of compounds with 
adjacent peaks is shown in Fig. 6 for various initial concentrations of methanol in 

d 
0 0.2 04 0.6 08 A 

Fig. 6. Predicted resolution map for adjacent pairs of compounds (phenylurea herbicides) in gradient- 
elution chromatography with linear concentration gradients of methanol in water. Column as in Fig. 2. 
The initial concentration of methanol in the mobile phase, A, is related to the gradient slope by eqn. 12 
(constant gradient volume V, = 45 ml is pre-set). R,,j, the resolution of the compounds with adjacent 
peaks, i and j, is calculated from eqns. 8-l 1. Compounds as in Fig. 3. AA is the interval of initial con- 
centrations expected to yield the best resolution of the eleven compounds in the mixture. 



METHOD FOR CHARACTERIZATION OF SELECTIVITY IN RPLC. III. 125 

the mobile phase, A. A reversal of the order of elution is predicted at A < 0.07 for 
compounds 1 and 2 and at A > 0.85 for compounds 2 and 3. The separation of 
solutes 1 and 2 is predicted to be insufficient at A < 0.2 and that of solutes 2 and 3 
at A > 0.42. In the region of A from 0.2 to 0.42, the resolution of solutes 7 and 8 
is predicted to be critical and it slowly increases with increasing A. The optimal 
resolution of the mixture of eleven phenylurea herbicides is to be expected at 
A = 0.42, i.e., for linear solvent gradients from 42 to 100% methanol in water in 45 
min. If Ri,j > 1.15 is acceptable, the initial concentration of methanol can be selected 
between 25 and 42%. 

Three chromatograms obtained at different initial mobile phase compositions 
(A = 0.15, 0.2 and 0.25) shown in Figs. 3-5 are in agreement with the predicted 
resolution map. The retention time of the last compound eluted is approximately 
constant and independent of A. Increasing A at a constant Vo improves the resolution 
of compounds 1 and 2 (hydroxymetoxuron and desfenuron) and of compounds 7 
and 8 (isoproturon and diuron). An experimental gradient starting at 25% methanol 
yielded an acceptable separation of all the eleven phenylureas (Fig. 5). 

CONCLUSIONS 

The indices nce and qi of phenylurea and triazine herbicides can be predicted 
using additive rules. The additive contributions to n,, and qi of the individual struc- 
tural elements (functional groups) are in rough agreement with the increments de- 
termined earlier for simple substituted benzenes. 

The indices n,, and qi of the herbicides studied, calculated by application of 
the additive rules, can be used to predict retention volumes, V,, in both isocratic and 
gradient-elution chromatography, by calculation. The order of elution is predicted 
correctly and the error in the calculated V, values is less than 10% relative for most 
compounds. This calculation approach can be applied with good results to columns 
with dimensions differing from those of the columns used for the determination of 
nce and qi. The resolution can be also calculated with reasonable precision using this 
approach; however, the errors in the resolution calculated from nce and qi indices 
determined by application of the additive rules may be too large for fine tuning of 
the separation of certain solutes by calculation of the optimal conditions. 

Correct simultaneous adjustment of the initial mobile phase composition and 
the slope of linear concentration gradients in reversed-phase chromatography is an 
efficient tool for optimization of separation selectivity for compounds with different 
slopes of log k’ W~SUS x plots, which may be used successfully as a simple, but less 
general, alternative to multi-solvent gradient optimization. 
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